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Abstract

In the Late Neoarchaean, the lithosphere of the North China Craton (NCC) experienced a
strong extensional event, which is of great significance for understanding the evolution of
the continental crust in the Precambrian. In this study, a suite of mafic dykes from
Shandong province in the northeastern NCC were investigated to determine the nature, timing
and source of rift-related magma activities using zircon U–Pb data, whole-rock geochemistry
and Nd–Hf isotopes. Zircon U–Pb dating of four dolerites by laser ablation – inductively
coupled plasma – mass spectrometry (LA-ICP-MS) yielded weighted mean 207Pb/206Pb ages
in the range 2509 ± 6.1 to 2537 ± 6.2 Ma (2σ, 95 % confidence interval). The mafic dykes
are classified as alkaline rocks based on their K2OþNa2O contents (6.78–7.21 wt%) and belong
to the shoshonitic series according to their K2O contents (3.23–3.36 wt %). The dolerites show
low concentrations of light rare earth elements ((La/Yb)N between 7.17 and 8.55), positive Eu
anomalies (Eu/Eu* between 1.12 and 1.27), positive Ba, K, Pb, Sr, Eu, Dy and Lu anomalies, and
depleted U, Nb, Pr, Ta, P, Nd and Ti anomalies. The dykes are characterized by low initial
(87Sr/86Sr)i (~0.6969), positive εNd(t) values (0.2–0.8) and εHf(t) values (0.5–8.6) and relatively
old mean Nd and Hf model age (2.73 Ga). Collectively, the data suggest that the mafic dykes
were derived from the partial melting (10–20 %) of an isotope-depleted garnet–lherzolite man-
tle source that was hybridized through interaction with subducted lower crustal material. The
parental magmas of these dykes underwent a certain number of crustal contaminations during
magma ascent. The mafic magmatism represented in the form of the dyke swarms is considered
to be a response to widespread lithospheric extension which affected the NCC at c. 2.5 Ga dur-
ing the Neoarchaean.

1. Introduction

The North China Craton (NCC) was formed by welding several Archaean micro-continents
along a marine closed greenstone belt (Zhai & Santosh, 2011; Yang et al. 2016; Tang &
Santosh, 2017; Yang & Santosh, 2017). A large number of ~2.5 Ga rock units were preserved
in the NCC (Wu et al. 1998; Zhai & Bian, 2000; Zhai, 2010). The NCC covers a vast area of
eastern China (Wu et al. 2008), which includes two ancient continental cores of c. 3.8 Ga
age (Jahn & Bai, 1983; Huang et al. 1986; Liu, 1991; Liu et al. 1992, 1994; Song et al. 1996;
LQ Wang et al. 1998; Zheng et al. 2004; Gao et al. 2005; Shen et al. 2005; Wan et al. 2005;
Geng et al. 2007; HL Wang et al. 2007; Diwu et al. 2008; Chen et al. 2009; Zhang et al.
2009). The NCC was finally cratonized in the Late Palaeoproterozoic, thus recording a complex
Precambrian evolution history. All crustal fragments gathered in the unified NCC were merged
into the Columbia supercontinent (Santosh, 2010; Zhao & Zhai, 2013). In addition, the NCC
underwent an extensional regime between 2.5 and 2.45 Ga (Zhai & Peng, 2007), leading to base-
ment uplift, formation of rift-related troughs, and major anorogenic magmatism represented by
the emplacement of granitoid suites (e.g. Song et al. 1996) andmafic dykes. The events related to
the emplacement of the mafic dykes can provide important information about the formation
and evolution of the early crust. To date, more than 100 Proterozoic (<2.5 Ga) mafic dykes have
been found in the NCC including those in the Hebei, Shanxi and Shandong area with ages rang-
ing from 800 to 600 Ma, 820 Ma, 900 Ma, 925 Ma, 1.78 Ga and 2.4 to 1.6 Ga. They have been
widely studied (Li et al. 1997; Zhai & Bian, 2000; Peng et al. 2005, 2007, 2008, 2010, 2011a, b;
Hou et al. 2006; Peng, 2010; Hou, 2012; Li, 2014). Nevertheless, only a few investigations of the
Archaean mafic dykes (>2.5 Ga) have been carried out in the NCC.

At present, the western part of Shandong province has been the focus of several studies
related to the Early Precambrian evolutionary history of the NCC (Hou, 2012).
Approximately 95 % of the Early Precambrian crystalline basement in western Shandong is
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dominated by granulites, greenstones, Trondhjemite-Tonalite-
Granodiorite (TTG) gneisses, gneissic monzogranite, dioritic to
granodioritic intrusions, and mafic dyke swarms (Wang, 1990;
Hou et al. 2004; Ju et al. 2014). In addition, the TTG series rocks
and gneissic monzogranites in this area have been divided into two
stages (2.5–2.6 Ga, 2.45–2.56 Ga; Jahn, 1988; Wang, 1991, 1993).
The mafic dykes in western Shandong province are generally NE–
SW-trending and are mainly located in the Tai’an, Laiwu and
Mengyin regions (Hou, 2012).

Herein, we present new zircon 207Pb/206Pb ages, and petrologi-
cal, whole-rock geochemical and Nd–Hf isotopic data on the mafic
dykes studied from western Shandong province, northeastern
NCC. Our results constrain the emplacement ages and the origin
of the dykes and provide insights into the tectonic significance of
the NCC during the Neoarchaean.

2. Geological setting and petrography

As a part of the Sino-Korean Craton, the Precambrian crustal evo-
lution history of the NCC and the extensive Mesozoic redemption
events have attracted global attention (Griffin, 1992; Griffin et al.
1998; O’Reilly et al. 2001; Xu, 2001; Zhang et al. 2003; Zhai &
Santosh, 2011, 2013; Zhao & Zhai, 2013; Deng et al. 2017; Li &
Santosh, 2017). The NCC is bounded by the Early Palaeozoic
Qilianshan Orogen to the west, the Late Palaeozoic Tianshan –
Inner Mongolia – Daxinganling Orogen of the Central Asian
Orogenic Belt to the north and the Mesozoic Qinling–Dabie–
Sulu high/ultrahigh-pressure metamorphic belt to the south
(Zhao, 2013).

According to the structural subdivision view of the NCC, it is
composed of two north–south-trending Palaeoproterozoic
(1.85 Ga) eastern and western crustal blocks welded across the
North China Orogenic Belt (Zhao et al. 2001, 2005; Wilde et al.
2002; Guo et al. 2005). The Eastern Block experienced obvious
lithospheric thinning in the Late Mesozoic, and it contains many
world-class gold deposits (Goldfarb & Santosh, 2014; Li & Santosh,
2017). It separates the Longgang Block from the Langlin Block and
retains the oldest continental crust of theNCC (Fig. 1; Li et al. 2006,
2012; Li & Zhao, 2007; Luo et al. 2008; Zhou et al. 2008; Tam et al.
2011, 2012a, b, c; Dan et al. 2012, 2014; Zhang et al. 2013). The
Western Block has thick lithospheric roots across Shanxi,
Shaanxi, Inner Mongolia and Northern Gansu provinces. It has
become the most stable part of the NCC (Santosh, 2010). It is a
collage of the Northern Yinshan and Southern Ordos Blocks along
the Inner Mongolia Suture Zone, merging the Palaeoproterozoic
Khondalite Belt (Fig. 1; Xia et al. 2008; Yin et al. 2009, 2011;
Santosh, 2010; Li et al. 2011; Wang et al. 2011; Dan et al. 2012,
2014; Zhang et al. 2013; Yang et al. 2016). The southern and
northern edges of the NCC are marked by the Indosinian
Qinling Dabie and Hercynian Yinshan Yanshan Orogenic Belts.
Its western edge borders Helan Qilian Orogenic Belt, and its
eastern edge is located in Korea. The NCC is composed of uniform
Precambrian crystalline basement, which is covered by younger
overburden (Zhao et al. 2001) and invaded by the Precambrian
and Mesozoic mafic dyke swarms (e.g. Li et al. 1997; Zhai and
Bian, 2000; Hou et al. 2004, 2006; Liu et al. 2004, 2005, 2008a, b,
2009, 2012a, b, 2013b; Peng et al. 2005, 2007, 2008, 2010, 2011a, b;
Peng, 2010; Hou, 2012). Another model suggests that the NCC is
composed of several Archaean micro-continental blocks and
these blocks have been proliferated into large continental frag-
ments (Zhai & Bian, 2000; Zhao, 2009; Zhai & Santosh, 2011;

Dan et al. 2012, 2014; Zhang et al. 2013; Yang et al. 2016;
Yang & Santosh, 2017).

The fresh near-vertical mafic dykes in the study area are NE–
SW-trending and intruded into luxiwu well in northeast North
Carolina. The Early and Middle Proterozoic strata in the
Mawangyu and Zhujiayu areas (Tables 1–5) have dykes extending
from 3.0 to 9.0 km and a width range of 25–1.0 m. The rock types
include gabbro, dolerite and diabase porphyry. Wujing dykes phe-
nocrysts (WJA1–8,WJB1–8) includemedium-grained clinopyrox-
ene (2.5–6.5 mm) and tabular plagioclase (2.0–5.5 mm), and the
matrix is composed of clinopyroxene (0.04–0.05 mm), plagioclase
(0.03–0.06 mm), a small amount of magnetite (0.02–0.03 mm),
secondary chlorite (0.03–0.05 mm) and auxiliary zircon composi-
tion (Fig. 1). The dyke phenocrysts of Mawangyu and Zhujiayu
(MWY1–7, ZJY1–7) include medium-sized clinopyroxene
(2.5–5.0mm) and tabular plagioclase (2.0–5.0mm), and thematrix
consists of clinopyroxene (0.04–0.06 mm), plagioclase (0.03–
0.05 mm), secondary magnetite with auxiliary zircon and apatite
(0.02–0.03 mm) and secondary chlorite (0.04–0.06 mm) (Figs 1, 2).

3. Sampling and analytical techniques

Thirty samples were collected from the mafic dykes (Fig. 1). Zircon
grains were separated from four samples (WJA1, WJB3, MWY2
and ZJY1) using conventional heavy liquid and magnetic tech-
niques at the Langfang Regional Geological Survey, Hebei prov-
ince, China. After separation and mounting, the morphology
and internal structure of the zircons were imaged using transmit-
ted and reflected light and by cathodoluminescence (CL) tech-
niques at the State Key Laboratory of Continental Dynamics
(SKLCD), Northwest University, Xi’an (Fig. 3). Prior to zircon
U–Pb dating, grain mount surfaces were washed in dilute HNO3

and pure alcohol to remove any potential lead contamination.
Zircon U–Pb and 207Pb/206Pb weighted average ages were deter-
mined by LA-ICP-MS (Table 1; Fig. 4) using an Agilent 7500a
ICP-MS instrument equipped with a 193 nm excimer laser at
the SKLCD. The zircon standard 91500 was used for quality con-
trol, and a NIST 610 standard was used for data optimization.
A spot diameter of 24 μm was used during analysis, employing
the methodologies described by Liu et al. (2010a). Common Pb
correction was undertaken following the approach of Andersen
(2002), and the resulting data were processed using GLITTER
and ISOPLOT (Ludwig, 2003; Table 1; Fig. 4). Uncertainties on
individual LA-ICP-MS analyses are quoted at the 95 % (1σ) con-
fidence level.

In situ zircon Hf isotope analysis was performed on Nu plasma
Human Resource (HR) MC-ICP-MS equipped with a geolas 2005
193 nm ArF excimer laser ablation system. Analyses were carried
out using a spot size of 44 μm, and He was used as the carrier gas.
The laser repetition rate is 10 Hz and the energy density applied is
between 15 and 20 J cm−2. During the analysis, the 176Hf/177Hf ratio
of the standard zircon (91500) was 0.282295 ± 0.000027
(n= 14; 2σ), which is in good agreement with the recommended
176Hf/177Hf ratios within 2σ (0.282308 ± 58, 2σ; 0.282015 ±
0.000029, 2σ) (Griffin et al. 2006; Wu et al. 2006). All the above
analysis was performed at the SKLCD.

Whole-rock chemistry was completed at the State Key
Laboratory of Deposit Geochemistry (SKLDG, Xi’an, Shaanxi
Province), Institute of Geochemistry, Chinese Academy of
Sciences. Using amolten glass disc, the analytical accuracy was bet-
ter than 5 % according to Chinese national standard GSR-3
(Table 2). Loss on ignition was obtained using 1 g powder heated
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Fig. 1. (Colour online) (a) Location of the study area within
the northeastern NCC. (b) Geological map of the study area,
showing the distribution of mafic dykes studied and the
location of samples collected during this study.
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Table 1. Zircon LA-ICP-MS U–Pb isotope data for the mafic dykes studied within western Shandong province, northeastern NCC

WJA01 Isotopic ratios
Age
(Ma)

Spot Th U Pb
Th/
U

238U/
232Th

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

1 165 242 341 0.68 1.32 0.1672 0.0025 10.68 0.08 0.4612 0.0035 2530 6 2496 7 2445 15

2 82 108 120 0.76 1.31 0.1666 0.0026 10.86 0.09 0.4753 0.0036 2524 6 2511 8 2507 16

3 121 119 233 1.02 1.29 0.1671 0.0036 10.61 0.16 0.4606 0.0051 2529 12 2490 14 2442 23

4 142 213 297 0.67 1.32 0.1675 0.0031 10.39 0.12 0.4495 0.0038 2533 9 2470 11 2393 17

5 1111 1475 2210 0.75 1.34 0.1672 0.0028 10.67 0.11 0.4628 0.0038 2530 8 2495 10 2452 17

6 138 1615 276 0.09 1.28 0.1724 0.0008 3.276 0.038 0.1537 0.0012 2581 10 1475 9 922 7

7 201 273 390 0.74 1.33 0.1675 0.0026 10.72 0.11 0.4633 0.0039 2533 8 2499 10 2454 17

8 181 728 546 0.25 1.33 0.1668 0.0025 10.88 0.09 0.4739 0.0036 2526 6 2513 8 2501 16

9 110 101 186 1.09 1.31 0.1643 0.0026 10.62 0.09 0.4675 0.0036 2500 6 2490 8 2473 16

10 686 1342 985 0.51 1.26 0.1726 0.0006 1.656 0.008 0.0703 0.0003 2583 4 992 3 438 2

11 136 166 253 0.82 1.32 0.1676 0.0028 10.91 0.08 0.4716 0.0035 2534 6 2515 7 2491 15

12 86 109 158 0.79 1.31 0.1678 0.0025 10.96 0.1 0.4772 0.0039 2536 7 2520 8 2515 17

13 129 113 208 1.14 1.33 0.1666 0.0026 10.86 0.11 0.4729 0.0038 2524 8 2511 9 2496 17

14 146 195 261 0.75 1.32 0.1665 0.0025 10.95 0.1 0.4765 0.0038 2523 7 2519 8 2512 17

15 289 395 541 0.73 1.33 0.1668 0.0028 10.86 0.09 0.4713 0.0041 2526 7 2511 8 2489 18

16 89 226 241 0.39 1.31 0.1672 0.0027 10.93 0.13 0.4736 0.0042 2530 9 2517 11 2499 18

17 259 261 429 0.99 1.32 0.1665 0.0028 10.84 0.12 0.4738 0.0041 2523 9 2510 10 2500 18

18 102 137 191 0.75 1.33 0.1668 0.0027 10.85 0.11 0.4745 0.0039 2526 8 2510 9 2503 17

19 202 183 348 1.10 1.31 0.1669 0.0029 10.82 0.1 0.4696 0.0038 2527 7 2508 9 2482 17

20 124 122 217 1.01 1.32 0.1673 0.0026 10.23 0.09 0.4437 0.0036 2531 7 2456 8 2367 16

21 159 152 266 1.05 1.32 0.1673 0.0028 10.88 0.15 0.4762 0.0038 2531 13 2513 13 2511 17

22 106 110 182 0.96 1.34 0.1672 0.0026 10.96 0.12 0.4783 0.0046 2530 8 2520 10 2520 20

23 203 195 263 1.04 1.32 0.1673 0.0028 11.04 0.11 0.4784 0.0041 2531 7 2527 9 2520 18

24 128 136 231 0.94 1.33 0.1672 0.0026 10.98 0.16 0.4755 0.0053 2530 11 2521 14 2508 23

25 168 173 282 0.97 1.31 0.1645 0.0031 10.44 0.11 0.4589 0.0039 2502 8 2475 10 2435 17

WJB03 Isotopic ratios
Age
(Ma)

Spot Th U Pb
Th/
U

238U/
232Th

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

1 819 1186 1091 0.69 0.96 0.1666 0.0006 9.726 0.068 0.4232 0.0025 2524 5 2409 6 2275 11

2 690 901 1045 0.77 0.97 0.1663 0.0006 10.144 0.102 0.4423 0.0031 2521 8 2448 9 2361 14

3 995 1401 1331 0.71 0.95 0.1671 0.0007 10.766 0.097 0.4675 0.0032 2529 7 2503 8 2473 14

4 875 1103 955 0.79 0.96 0.1672 0.0008 10.933 0.122 0.4745 0.0036 2530 9 2517 10 2503 16

5 642 701 755 0.92 0.95 0.1671 0.0005 10.992 0.085 0.4786 0.0028 2529 6 2522 7 2521 12

6 714 805 719 0.89 0.95 0.1668 0.0008 7.172 0.091 0.3115 0.0026 2526 11 2133 11 1748 13

7 903 1246 1816 0.73 0.98 0.1668 0.0008 9.306 0.102 0.4045 0.0031 2526 9 2369 10 2190 14

8 603 529 1001 1.14 0.98 0.1672 0.0006 8.974 0.071 0.3895 0.0023 2530 6 2335 7 2121 11

9 756 899 823 0.84 0.97 0.1669 0.0007 8.493 0.085 0.3687 0.0026 2527 8 2285 9 2023 12

10 186 2612 692 0.07 0.96 0.1723 0.0005 3.295 0.018 0.1604 0.0008 2580 4 1480 4 959 4

11 768 824 903 0.93 0.95 0.1666 0.0007 10.694 0.126 0.4653 0.0036 2524 10 2497 11 2463 16

12 402 395 697 1.02 1.03 0.1665 0.0016 10.881 0.303 0.4742 0.0083 2523 25 2513 26 2502 36

(Continued)
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Table 1. (Continued )

WJB03 Isotopic ratios
Age
(Ma)

Spot Th U Pb
Th/
U

238U/
232Th

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

13 569 747 838 0.76 0.96 0.1728 0.0007 11.745 0.095 0.4933 0.0032 2585 6 2584 8 2585 14

14 332 343 312 0.97 1.94 0.1675 0.0007 9.792 0.076 0.4236 0.0025 2533 6 2415 7 2277 11

15 803 945 862 0.85 1.86 0.1672 0.0011 7.866 0.132 0.3416 0.0036 2530 15 2216 15 1894 17

16 847 1239 889 0.68 1.97 0.1668 0.001 10.766 0.175 0.4682 0.0051 2526 14 2503 15 2476 22

17 953 1235 154 0.77 2.03 0.1667 0.0007 10.965 0.115 0.4786 0.0036 2525 9 2520 10 2521 16

18 846 641 521 1.32 1.98 0.1705 0.0008 11.775 0.096 0.5012 0.0032 2563 6 2587 8 2619 14

19 686 742 866 0.92 1.95 0.1692 0.0006 11.326 0.078 0.4852 0.0028 2550 5 2550 6 2550 12

20 1224 1817 115 0.67 1.97 0.1691 0.0008 11.278 0.095 0.4836 0.0032 2549 7 2546 8 2543 14

21 980 1413 1354 0.69 2.02 0.1675 0.001 10.813 0.167 0.4685 0.0046 2533 14 2507 14 2477 20

22 231 293 602 0.79 1.98 0.1673 0.0008 11.172 0.133 0.4845 0.0041 2531 10 2538 11 2547 18

23 689 1038 963 0.66 1.97 0.1672 0.0006 10.951 0.105 0.4746 0.0033 2530 8 2519 9 2504 14

24 326 331 629 0.98 1.96 0.1695 0.0007 11.418 0.082 0.4883 0.0028 2553 6 2558 7 2563 12

25 822 783 1076 1.05 2.06 0.1698 0.0006 11.142 0.091 0.4762 0.0031 2556 6 2535 8 2511 14

MWY02 Isotopic ratios
Age
(Ma)

Spot Th U Pb
Th/
U

238U/
232Th

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

1 127 163 173 0.78 3.32 0.1662 0.0006 10.985 0.092 0.4796 0.0032 2520 6 2522 8 2526 14

2 1103 1405 1814 0.79 3.32 0.1665 0.0007 10.692 0.121 0.4658 0.0035 2523 10 2497 11 2465 15

3 204 193 226 1.06 3.33 0.1667 0.0008 10.913 0.125 0.4746 0.0038 2525 9 2516 11 2504 17

4 468 642 769 0.73 3.32 0.1665 0.0005 10.271 0.071 0.4478 0.0026 2523 5 2459 6 2385 12

5 326 2843 364 0.11 1.24 0.1053 0.0005 3.385 0.025 0.173 0.0008 1720 7 1501 6 1029 4

6 185 128 172 1.45 3.33 0.1643 0.0009 10.486 0.184 0.4636 0.0051 2500 16 2479 16 2455 22

7 378 265 334 1.43 3.33 0.1641 0.0006 10.792 0.113 0.4776 0.0036 2498 9 2505 10 2517 16

8 1805 1139 1438 1.58 3.32 0.1642 0.0007 10.782 0.093 0.4762 0.0032 2499 7 2505 8 2511 14

9 172 188 215 0.91 3.32 0.1641 0.0008 9.957 0.106 0.4405 0.0034 2498 9 2431 10 2353 15

10 251 327 337 0.77 3.32 0.1636 0.0006 9.695 0.093 0.4295 0.0031 2493 8 2406 9 2303 14

11 644 626 725 1.03 3.33 0.1668 0.0008 10.996 0.154 0.4786 0.0043 2526 12 2523 13 2521 19

12 1015 1566 1429 0.65 3.32 0.1663 0.0011 10.937 0.185 0.4775 0.0051 2521 15 2518 16 2516 22

13 362 462 453 0.78 3.33 0.1668 0.0008 10.984 0.162 0.4783 0.0045 2526 13 2522 14 2520 20

14 406 516 455 0.79 3.32 0.1638 0.0008 10.548 0.106 0.4675 0.0032 2495 8 2484 9 2473 14

15 408 475 542 0.86 6.58 0.1662 0.0007 10.961 0.135 0.4785 0.0045 2520 10 2520 11 2521 20

16 1243 1842 2473 0.67 2.06 0.1645 0.0008 10.763 0.096 0.4752 0.0032 2502 7 2503 8 2506 14

17 652 756 117 0.86 6.64 0.1663 0.0007 10.922 0.134 0.4766 0.0042 2521 10 2517 11 2512 18

18 476 466 568 1.02 2.09 0.1661 0.0008 10.936 0.138 0.4782 0.0023 2519 15 2518 12 2519 10

19 1525 2213 2314 0.69 1.98 0.1638 0.0008 7.624 0.063 0.3378 0.0036 2495 8 2188 7 1876 17

20 994 1352 2135 0.74 6.76 0.1638 0.0007 10.678 0.123 0.4726 0.0035 2495 10 2496 11 2495 15

21 801 781 1253 1.03 1.92 0.1786 0.0008 11.652 0.118 0.4733 0.0035 2640 8 2577 9 2498 15

22 422 512 43 0.82 6.57 0.1638 0.0007 10.583 0.116 0.4685 0.0056 2495 9 2487 10 2477 25

23 2674 4015 4655 0.67 6.63 0.1774 0.0008 11.923 0.212 0.4871 0.0041 2629 18 2598 17 2558 18

(Continued)
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up to 1100 °C for 1 h. Trace element analysis was performed with
an ELAN 6000 ICP-MS at the SKLDG, following procedures
described by Qi et al. (2000). The discrepancy between triplicate
analyses is less than 5 % for all elements. Analyses of international
standards OU-6 and GBPG-1 are in good agreement with recom-
mended values (Table 3). During Rb–Sr and Sm–Nd isotopic
analysis, the sample powder was added with mixed isotopic tracer
and dissolved in a polytetrafluoroethylene capsule with
HFþHNO3 (Zhang et al. 2001). Isotopic measurements were per-
formed using a Finnigan Triton Ti thermal ionization mass spec-
trometer at the SKLDG. Procedural blanks yielded concentrations
of <200 pg for Sm and Nd and <500 pg for Rb and Sr, and mass

fractionation corrections for Sr–Nd isotopic ratios were based
on 86Sr/88Sr= 0.1194 and 146Nd/144Nd= 0.7219, respectively.
Analysis of the NBS987 and La Jolla standards yielded values of
87Sr/86Sr= 0.710246 ± 16 (2σ), and 143Nd/144Nd= 0.511863 ± 8
(2σ), respectively.

4. Results

4.a. Zircon U–Pb ages

Euhedral zircons in samples WJA1, WJB3, MWY2 and ZJY1 are
clean and prismatic and show clear oscillatory magmatic zoning

Table 1. (Continued )

MWY02 Isotopic ratios
Age
(Ma)

Spot Th U Pb
Th/
U

238U/
232Th

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

24 586 785 61 0.75 6.65 0.1642 0.0008 10.627 0.135 0.4703 0.0033 2499 12 2491 12 2485 14

25 972 1351 1767 0.72 6.63 0.1641 0.0007 10.618 0.136 0.4705 0.0034 2498 12 2490 12 2486 15

26 2473 3015 3408 0.82 1.96 0.1639 0.0009 7.628 0.631 0.3376 0.0035 2496 127 2188 74 1875 17

ZJY01 Isotopic ratios
Age
(Ma)

Spot Th U Pb
Th/
U

238U/
232Th

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

207Pb/
206Pb 1σ

207Pb/
235U 1σ

206Pb/
238U 1σ

1 123 166 169 0.74 3.33 0.1662 0.0006 10.985 0.092 0.4796 0.0032 2520 6 2522 8 2526 14

2 1085 1409 1811 0.77 3.33 0.1665 0.0007 10.692 0.121 0.4658 0.0035 2523 10 2497 11 2465 15

3 202 197 224 1.03 3.32 0.1667 0.0008 10.913 0.125 0.4746 0.0038 2525 9 2516 11 2504 17

4 465 649 766 0.72 3.33 0.1665 0.0005 10.271 0.071 0.4478 0.0026 2523 5 2459 6 2385 12

5 187 131 168 1.43 3.33 0.1643 0.0009 10.486 0.184 0.4636 0.0051 2500 16 2479 16 2455 22

6 375 272 330 1.38 3.33 0.1641 0.0006 10.792 0.113 0.4776 0.0036 2498 9 2505 10 2517 16

7 1798 1146 1434 1.57 3.33 0.1642 0.0007 10.782 0.093 0.4762 0.0032 2499 7 2505 8 2511 14

8 167 191 211 0.87 3.33 0.1641 0.0008 9.957 0.106 0.4405 0.0034 2498 9 2431 10 2353 15

9 249 330 334 0.75 3.32 0.1636 0.0006 9.695 0.093 0.4295 0.0031 2493 8 2406 9 2303 14

10 640 635 722 1.01 3.33 0.1668 0.0008 10.996 0.154 0.4786 0.0043 2526 12 2523 13 2521 19

11 992 1604 1431 0.62 3.33 0.1663 0.0011 10.937 0.185 0.4775 0.0051 2521 15 2518 16 2516 22

12 357 470 451 0.76 3.32 0.1668 0.0008 10.984 0.162 0.4783 0.0045 2526 13 2522 14 2520 20

13 401 528 452 0.76 3.33 0.1638 0.0008 10.548 0.106 0.4675 0.0032 2495 8 2484 9 2473 14

14 403 482 537 0.84 6.56 0.1662 0.0007 10.961 0.135 0.4785 0.0045 2520 10 2520 11 2521 20

15 1235 1873 2466 0.66 2.05 0.1645 0.0008 10.763 0.096 0.4752 0.0032 2502 7 2503 8 2506 14

16 648 769 115 0.84 6.62 0.1663 0.0007 10.922 0.134 0.4766 0.0042 2521 10 2517 11 2512 18

17 470 488 563 0.96 2.07 0.1661 0.0008 10.936 0.138 0.4782 0.0023 2519 15 2518 12 2519 10

18 1518 2412 2299 0.63 1.96 0.1638 0.0008 7.624 0.063 0.3378 0.0036 2495 8 2188 7 1876 17

19 985 1382 2129 0.71 6.74 0.1638 0.0007 10.678 0.123 0.4726 0.0035 2495 10 2496 11 2495 15

20 793 805 1249 0.98 1.88 0.1786 0.0008 11.652 0.118 0.4733 0.0035 2640 8 2577 9 2498 15

21 417 530 37 0.79 6.54 0.1638 0.0007 10.583 0.116 0.4685 0.0056 2495 9 2487 10 2477 25

22 2665 4049 4660 0.66 6.58 0.1774 0.0008 11.923 0.212 0.4871 0.0041 2629 18 2598 17 2558 18

23 584 801 54 0.73 6.63 0.1642 0.0008 10.627 0.135 0.4703 0.0033 2499 12 2491 12 2485 14

24 966 1362 1758 0.71 6.58 0.1641 0.0007 10.618 0.136 0.4705 0.0034 2498 12 2490 12 2486 15

25 2469 3172 3392 0.78 1.94 0.1639 0.0009 7.628 0.631 0.3376 0.0035 2496 127 2188 74 1875 17
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(Fig. 3). Twenty-three zircon grains from sample WJA1 yielded a
weighted mean 206Pb/238U age of 2523 ± 7.7 Ma (1σ, 95 % confi-
dence interval; Table 1; Fig. 4a) and weighted mean 207Pb/206Pb age
of 2538 ± 3.2 Ma (2σ, 95 % confidence interval; Table 1; Fig. 4e).
Twenty-five zircon grains from sample WJB3 yielded a weighted
mean 206Pb/238U age of 2509 ± 7.7 Ma (1σ, 95 % confidence inter-
val; Table 1; Fig. 4b), and weighted mean 207Pb/206Pb age of
2510 ± 6.1 Ma (2σ, 95 % confidence interval; Table 1; Fig. 4f).
Twenty-five zircon grains from sample MWY2 yielded a weighted

mean 206Pb/238U age of 2512 ± 12Ma (1σ, 95% confidence interval;
Table 1; Fig. 4c) and weighted mean 207Pb/206Pb age of
2509 ± 6.2 Ma (2σ, 95 % confidence interval; Table 1; Fig. 4g).
Twenty-four zircon grains from sample ZJY1 yielded a weighted
mean 206Pb/238U age of 2539 ± 6.5 Ma (1σ, 95 % confidence inter-
val; Table 1; Fig. 4d) and weighted mean 207Pb/206Pb age of
2537 ± 6.2 Ma (2σ, 95 % confidence interval; Table 1; Fig. 4h).
These age data provide the best estimates of the crystallization ages
of dykes (207Pb/206Pb weighted average c. 2.5 Ga) within the study

Table 2. Major element concentrations (wt %) for the mafic dykes studied. LOI = loss on ignition; Mg#= 100Mg/(Mgþ Fe) in atomic proportions; RV = recommended
values; MV=measured values. Values for GSR-1 and GSR-3 are from Wang et al. (2003)

Sample Rock type SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Mg#

WJA1 dolerite 52.16 0.35 20.43 8.42 0.25 4.36 5.75 3.78 3.28 0.31 0.35 99.44 53

WJA2 dolerite 52.13 0.34 20.45 8.41 0.26 4.38 5.76 3.76 3.27 0.28 0.41 99.45 53

WJA3 dolerite 52.15 0.35 20.73 8.34 0.25 4.36 5.58 3.78 3.25 0.28 0.28 99.35 54

WJA4 dolerite 52.24 0.35 20.66 8.38 0.23 4.38 5.65 3.65 3.25 0.35 0.33 99.47 53

WJA5 dolerite 52.18 0.36 20.68 8.55 0.22 4.36 5.64 3.62 3.25 0.35 0.34 99.55 53

WJA6 dolerite 52.15 0.36 20.66 8.52 0.18 4.34 5.63 3.56 3.26 0.36 0.43 99.45 53

WJA7 dolerite 52.15 0.35 20.38 8.66 0.26 4.38 5.72 3.75 3.32 0.25 0.26 99.48 53

WJA8 dolerite 52.11 0.35 20.55 8.75 0.19 4.35 5.55 3.56 3.26 0.38 0.38 99.43 52

WJB1 dolerite 52.29 0.36 20.62 8.76 0.18 4.35 5.63 3.55 3.25 0.38 0.19 99.56 52

WJB2 dolerite 52.27 0.26 20.26 8.86 0.22 4.34 5.61 3.76 3.28 0.28 0.37 99.51 52

WJB3 dolerite 52.28 0.31 20.25 8.85 0.21 4.36 5.62 3.78 3.25 0.26 0.34 99.51 52

WJB4 dolerite 52.36 0.32 20.65 8.65 0.23 4.34 5.61 3.69 3.31 0.28 0.22 99.66 52

WJB5 dolerite 52.29 0.33 20.28 8.76 0.24 4.38 5.66 3.77 3.28 0.32 0.29 99.60 52

WJB6 dolerite 52.35 0.35 20.56 8.65 0.23 4.35 5.58 3.66 3.28 0.28 0.24 99.53 53

WJB7 dolerite 52.26 0.34 20.68 8.63 0.18 4.36 5.54 3.65 3.34 0.29 0.35 99.62 53

WJB8 dolerite 52.14 0.33 20.66 8.65 0.21 4.32 5.55 3.65 3.29 0.28 0.42 99.50 52

MWY1 dolerite 52.12 0.28 20.31 8.68 0.23 4.35 5.66 3.79 3.26 0.28 0.52 99.48 52

MWY2 dolerite 52.14 0.34 20.65 8.65 0.25 4.35 5.53 3.65 3.26 0.35 0.36 99.53 53

MWY3 dolerite 52.16 0.35 20.32 8.75 0.24 4.35 5.65 3.78 3.25 0.25 0.35 99.45 52

MWY4 dolerite 52.21 0.35 20.68 8.55 0.18 4.36 5.56 3.67 3.26 0.29 0.43 99.54 53

MWY5 dolerite 52.29 0.34 20.42 8.55 0.25 4.38 5.68 3.77 3.33 0.28 0.31 99.60 53

MWY6 dolerite 52.13 0.36 20.76 8.53 0.25 4.36 5.55 3.74 3.28 0.25 0.34 99.55 53

MWY7 dolerite 52.12 0.36 20.36 8.52 0.26 4.38 5.76 3.76 3.35 0.32 0.37 99.56 53

ZJY1 dolerite 52.16 0.37 20.45 8.58 0.26 4.06 5.64 3.76 3.26 0.29 0.44 99.27 52

ZJY2 dolerite 52.15 0.36 20.72 8.46 0.19 4.05 5.53 3.58 3.25 0.35 0.54 99.18 55

ZJY3 dolerite 52.16 0.28 20.46 8.55 0.23 4.03 5.53 3.75 3.33 0.28 0.58 99.18 54

ZJY4 dolerite 52.17 0.35 20.75 8.53 0.22 4.07 5.52 3.53 3.25 0.32 0.44 99.15 54

ZJY5 dolerite 52.22 0.36 20.69 8.38 0.23 4.06 5.53 3.56 3.28 0.35 0.51 99.17 55

ZJY6 dolerite 52.16 0.26 20.46 8.53 0.22 4.08 5.56 3.72 3.36 0.32 0.63 99.30 53

ZJY7 dolerite 52.13 0.26 20.68 8.35 0.24 4.05 5.64 3.93 3.28 0.26 0.45 99.27 56

GSR-3 RV 44.63 2.37 13.83 13.4 0.17 7.77 8.81 3.38 2.32 0.95 97.63

GSR-3 MV 44.74 2.36 14.14 13.35 0.16 7.74 8.82 3.18 2.30 0.97 97.76

GSR-1 RV 72.82 0.29 13.42 2.14 0.06 0.42 1.55 3.13 5.01 0.09 98.93

GSR-1 MV 72.65 0.29 13.52 2.18 0.06 0.46 1.56 3.15 5.03 0.11 99.01
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Table 3. Trace element compositions (ppm) of the mafic dykes studied. RV = recommended values; MV = measured values. Values for GBPG-1 and OU-6 are from Thompson et al. (2000) and Potts and Kane (2005),
respectively.

Sample WJA1 WJA2 WJA3 WJA4 WJA5 WJA6 WJA7 WJA8 WJB1 WJB2 WJB3 WJB4 WJB5 WJB6 WJB7 WJB8 MWY1

Cr 155 162 133 164 155 165 185 126 218 192 208 197 206 268 195 166 165

Ni 68.5 53.6 58.3 56.5 53.4 55.3 57.5 44.6 67.2 62.5 56.5 52.4 43.3 88.2 56.5 55.2 51.3

Rb 86.4 98.7 68.6 78.5 76.2 92.4 116 82.3 76.4 63.6 132 63.5 128 124 116 131 95.8

Sr 696 842 664 915 856 735 798 565 732 823 645 746 885 622 765 592 746

Y 11.6 12.5 15.6 12.2 12.3 11.2 15.6 16.3 16.4 15.8 16.9 16.3 18.8 16.9 16.7 12.7 14.5

Zr 118 123 114 121 124 117 127 113 126 125 134 135 142 139 141 143 146

Nb 4.93 4.45 5.23 4.36 5.05 4.32 5.46 4.57 4.83 4.96 6.98 6.65 7.13 5.49 6.86 6.15 6.45

Ba 956 2075 885 1125 1021 1062 683 645 2912 826 838 534 319 842 1043 896 913

La 21.8 21.4 24.6 23.3 26.1 21.3 25.8 27.6 27.5 24.6 24.5 17.6 26.6 24.4 23.1 24.2 27.3

Ce 34.6 32.5 37.8 36.6 38.6 33.3 45.3 41.5 44.4 42.3 47.8 32.3 48.1 45.7 37.9 38.8 44.5

Pr 3.97 4.06 4.57 4.42 4.65 3.89 5.45 5.13 5.31 4.96 5.95 4.85 5.93 5.76 5.29 4.31 4.95

Nd 14.9 15.6 18.3 17.1 17.2 14.9 19.6 19.5 20.8 19.6 21.5 18.8 21.3 21.5 19.9 15.6 18.5

Sm 3.22 3.54 4.15 3.56 3.58 3.17 4.18 4.34 4.56 4.28 4.42 4.19 4.74 4.36 4.45 3.41 3.81

Eu 0.93 1.02 1.16 1.05 1.06 0.95 1.18 1.26 1.25 1.23 1.28 1.12 1.35 1.25 1.25 0.95 1.06

Gd 2.42 2.81 3.35 2.72 2.63 2.52 3.15 3.45 3.71 3.38 3.53 3.44 4.03 3.55 3.55 2.55 2.95

Tb 0.34 0.46 0.46 45 0.38 0.35 0.48 0.53 0.47 0.48 0.53 0.51 0.58 0.53 0.52 0.38 0.45

Dy 1.76 1.98 2.58 1.98 2.03 1.85 2.47 2.68 2.54 2.52 2.58 2.58 3.02 2.63 2.73 2.06 2.28

Ho 0.36 0.43 0.55 0.44 0.45 0.38 0.55 0.55 0.52 0.53 0.55 0.53 0.65 0.55 0.55 0.43 0.45

Er 0.96 1.09 1.38 1.08 1.07 0.97 1.39 1.42 1.41 1.42 1.42 1.36 1.63 1.41 1.43 1.13 1.26

Tm 0.14 0.15 0.18 0.15 0.14 0.14 0.18 0.19 0.18 0.19 0.18 0.19 0.21 0.18 0.19 0.16 0.16

Yb 0.86 0.98 1.21 0.94 0.97 0.89 1.25 1.26 1.24 1.19 1.28 1.26 1.42 1.32 1.31 1.03 1.13

Lu 0.13 0.14 0.15 0.15 0.13 0.14 0.17 0.17 0.18 0.17 0.18 0.19 0.19 0.18 0.18 0.13 0.18

Hf 2.36 2.38 2.33 2.42 2.52 2.42 2.63 2.25 2.44 2.46 2.65 2.66 2.76 2.74 2.77 2.84 2.95

Ta 2.16 0.33 0.31 0.36 1.41 0.89 0.34 0.31 0.26 0.42 0.71 0.76 0.92 4.83 0.52 0.18 0.43

Pb 30.3 16.5 17.5 24.4 25.5 16.3 16.5 16.3 30.2 20.5 22.4 12.5 22.5 21.8 21.5 26.5 14.2

Th 2.52 2.76 3.25 2.75 2.84 2.61 8.15 2.95 3.59 4.65 5.06 5.21 3.72 5.25 4.96 3.75 4.28

U 1.36 1.12 1.05 1.16 1.19 1.15 1.76 1.23 1.31 1.52 1.95 2.21 2.43 1.92 2.36 2.13 2.18

(La/Yb)N 18.2 15.7 14.6 17.8 19.3 17.2 14.8 15.7 15.9 14.8 13.7 10.0 13.4 13.3 12.6 16.9 17.3

Eu/Eu* 0.98 0.96 0.92 0.99 1.00 0.99 0.95 0.96 0.90 0.95 0.96 0.88 0.92 0.94 0.93 0.94 0.93

MWY2 MWY3 MWY4 MWY5 MWY6 MWY7 ZJY1 ZJY2 ZJY3 ZJY4 ZJY5 ZJY6 ZJY7 OU-6 (RV) OU-6 (MV) GBPG-1 (RV) GBPG-1 (MV*)

198 183 184 74.6 215 72.5 324 206 208 314 266 215 76.8 70.8 73.5 181 187

59.6 50.8 51.2 69.7 88.6 72.3 105 90.6 103 105 112 95.5 75.6 39.8 42.5 59.6 60.6

(Continued)
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Table 3. (Continued )

245 184 186 26.5 57.5 33.4 29.2 36.3 35.4 73.6 26.5 32.7 26.5 120 122 56.2 61.4

748 855 876 634 635 576 547 635 642 525 516 633 626 131 136 364 377

18.4 15.6 17.1 19.9 15.2 12.5 13.7 14.3 13.8 14.7 16.8 13.9 17.2 27.4 26.2 26.2 18.0

135 134 142 105 155 103 118 153 136 114 102 134 92.4 174 183 183 232

5.95 5.98 6.45 5.12 5.66 4.14 4.15 5.63 4.92 4.69 5.28 5.36 4.27 14.8 15.3 9.93 8.74

1435 665 917 482 838 643 585 765 769 741 525 782 546 477 486 908 921

29.2 25.4 27.1 24.8 25.3 19.2 21.3 23.5 23.6 22.2 22.3 23.1 23.6 33.0 33.1 53.0 51.0

46.3 48.9 46.8 43.7 34.3 31.1 31.7 33.5 32.8 28.4 35.2 32.8 36.9 74.4 78.0 103 105

5.78 5.96 5.81 6.13 4.16 3.83 4.29 3.95 4.12 3.74 4.76 4.05 4.89 7.8 8.09 11.5 11.6

21.6 21.8 21.9 24.5 15.6 15.1 16.9 15.3 16.3 14.5 19.6 15.4 19.3 29 30.6 43.3 42.4

4.67 4.45 4.58 5.36 3.46 3.08 3.83 3.24 3.34 3.46 4.45 3.25 4.15 5.92 5.99 6.79 6.63

1.24 1.22 1.35 1.43 1.16 0.98 1.05 1.15 1.23 1.08 1.17 1.15 1.15 1.36 1.35 1.79 1.69

3.56 3.25 3.46 4.18 3.04 2.53 3.05 2.69 2.75 2.95 3.66 2.72 3.25 5.27 5.5 4.74 4.47

0.55 0.53 0.55 0.58 0.41 0.35 0.45 0.43 0.42 0.45 0.52 0.38 0.51 0.85 0.83 0.60 0.59

2.86 2.46 2.65 3.23 2.26 1.85 2.18 2.08 2.13 2.26 2.76 2.06 2.56 4.99 5.06 3.26 3.17

0.61 0.53 0.55 0.65 0.46 0.42 0.46 0.45 0.45 0.47 0.56 0.46 0.55 1.01 1.02 0.69 0.66

1.63 1.43 1.46 1.76 1.28 1.06 1.21 1.25 1.16 1.26 1.45 1.22 1.45 2.98 3.07 2.01 2.02

0.21 0.18 0.19 0.21 0.17 0.18 0.15 0.15 0.17 0.16 0.18 0.15 0.18 0.44 0.46 0.30 0.29

1.42 1.26 1.34 1.45 1.14 0.96 1.05 1.05 1.08 1.15 1.21 1.06 1.29 3.00 3.09 2.03 2.03

0.19 0.18 0.19 0.21 0.18 0.15 0.13 0.15 0.16 0.16 0.17 0.17 0.18 0.45 0.47 0.31 0.31

2.72 2.74 2.83 2.04 2.96 2.05 2.35 2.81 2.92 2.55 2.23 2.85 2.03 4.70 4.86 6.07 5.93

1.12 0.75 0.72 0.95 0.63 0.33 0.26 2.21 0.31 1.74 0.45 0.59 0.25 1.06 1.02 0.40 0.46

7.45 13.8 22.4 13.5 11.5 1.6 23.2 37.5 16.2 22.3 9.76 25.3 15.3 28.2 32.7 14.1 14.5

4.43 4.95 4.96 2.45 4.15 1.95 2.55 4.21 4.56 3.42 2.83 4.46 2.41 11.5 13.9 11.2 11.4

1.92 2.15 1.97 1.26 1.43 1.14 1.22 1.43 1.56 1.03 1.12 1.42 1.23 1.96 2.19 0.90 0.99

14.8 14.5 14.5 12.3 15.9 14.3 14.6 16.1 15.7 13.8 13.2 15.6 13.1

0.89 0.94 1.00 0.89 1.07 1.04 0.91 1.20 1.20 1.00 0.90 1.20 0.92
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Table 4. Sr–Nd isotopic compositions of themafic dykes studied. The compositions were calculated using Chondrite Uniform Reservoir values and decay constants of
λRb= 1.42 × 10–11 year–1 (Steiger & Jäger, 1977) and λSm= 6.54 × 10–12 year–1 (Lugmair & Harti, 1978)

Sample
Rb

(ppm)
Sr

(ppm)

87Rb/
86Sr 87Sr/86Sr

±
2δ

Sm
(ppm)

Nd
(ppm)

147Sm/
144Nd

143Nd/
144Nd

±
2δ

(87Sr/
86Sr)i

(143Nd/
144Nd)i

ϵNd
(t)

WJA1 188 123 4.4233 0.858261 12 3.48 14.7 0.1425 0.511764 10 0.696914 0.509393 0.5

WJA3 196 135 4.2017 0.850175 13 3.52 14.9 0.1422 0.511742 8 0.696915 0.509376 0.2

WJA4 221 146 4.3806 0.856712 14 3.64 15.6 0.1405 0.511724 12 0.696923 0.509387 0.4

WJA5 256 167 4.4363 0.858735 13 5.16 22.1 0.1406 0.511722 10 0.696916 0.509384 0.4

WJB1 235 153 4.4450 0.858137 14 6.45 28.6 0.1358 0.511647 9 0.696914 0.509401 0.3

WJB2 316 206 4.4393 0.857929 11 7.41 33.1 0.1348 0.511635 8 0.696916 0.509405 0.4

WJB3 216 141 4.4334 0.857714 12 7.97 35.6 0.1348 0.511633 10 0.696917 0.509403 0.4

WJB4 268 175 4.4320 0.857664 13 8.06 36.1 0.1344 0.511625 10 0.702202 0.509401 0.3

MWY1 82.1 736 0.3228 0.713925 12 3.85 18.9 0.1226 0.511435 12 0.702197 0.509404 0.5

MWY2 73.5 658 0.3233 0.713936 13 6.75 33.2 0.1224 0.511436 10 0.702191 0.509409 0.6

MWY3 62.8 562 0.3234 0.713935 12 7.78 38.3 0.1223 0.511437 9 0.702189 0.509411 0.6

MWY5 75.9 679 0.3235 0.713937 14 9.15 45.1 0.1221 0.511438 8 0.702139 0.509415 0.7

ZJY1 76.8 688 0.3231 0.713999 13 7.46 36.7 0.1224 0.511435 10 0.702142 0.509386 0.8

ZJY2 83.5 749 0.3226 0.713986 12 6.83 33.5 0.1227 0.511436 8 0.702156 0.509381 0.7

ZJY3 68.6 616 0.3223 0.713988 14 9.58 47.1 0.1224 0.511425 9 0.702158 0.509375 0.6

ZJY4 75.8 681 0.3221 0.713984 12 6.95 34.2 0.1223 0.511426 10 0.710038 0.509378 0.7

Table 5. Hf isotopic compositions of representative samples studied in western Shandong province

WJA1

Spot 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ ϵHf(t)
TDM1
(Ma)

TDM2
(Ma) fLu/Hf

1 0.040705 0.001563 0.281346 0.000025 3.5 2702 2804 −0.95

2 0.123223 0.003823 0.281278 0.000023 -2.8 2974 3187 −0.95

3 0.067256 0.002456 0.281328 0.000023 1.3 2793 2936 −0.96

4 0.025276 0.001045 0.281313 0.000024 3.2 2711 2821 −0.97

5 0.038623 0.001526 0.281346 0.000023 3.6 2700 2800 −0.95

6 0.159885 0.005046 0.281342 0.000023 -2.6 2983 3176 −0.95

7 0.066172 0.002482 0.281375 0.000025 3.0 2728 2837 −0.95

8 0.031714 0.001261 0.281303 0.000026 2.5 2740 2866 −0.96

9 0.009547 0.000386 0.281322 0.000022 4.7 2653 2733 −0.99

10 0.066406 0.002435 0.281355 0.000025 2.3 2753 2875 −0.93

11 0.016552 0.000641 0.281285 0.000027 2.9 2720 2840 −0.98

12 0.059313 0.002207 0.281304 0.000023 0.9 2808 2962 −0.93

13 0.074368 0.002623 0.281362 0.000022 2.2 2757 2880 −0.95

14 0.017276 0.000723 0.281324 0.000025 4.2 2673 2764 −0.98

15 0.047426 0.001652 0.281324 0.000025 2.6 2739 2861 −0.95

16 0.054484 0.001973 0.281373 0.000025 3.8 2694 2788 −0.94

17 0.025308 0.000992 0.281283 0.000028 2.2 2748 2881 −0.97

18 0.072086 0.002681 0.281316 0.000023 0.5 2827 2986 −0.97

19 0.052124 0.001993 0.281403 0.000026 4.8 2653 2725 −0.94

20 0.018353 0.000852 0.281345 0.000024 4.7 2654 2732 −0.97

(Continued.)
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Table 5. (Continued.)

WJA3

Spot 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ ϵHf(t)
TDM1
(Ma)

TDM2
(Ma) fLu/Hf

1 0.159891 0.005044 0.281482 0.000023 2.1 2769 2879 −0.95

2 0.066178 0.002484 0.281365 0.000025 2.3 2743 2866 −0.93

3 0.067258 0.002453 0.281406 0.000023 3.8 2682 2774 −0.96

4 0.025282 0.001043 0.281304 0.000024 2.6 2723 2849 −0.97

5 0.036254 0.001528 0.281343 0.000023 3.1 2704 2815 −0.95

6 0.018357 0.000854 0.281371 0.000024 5.3 2618 2684 −0.97

7 0.016556 0.000645 0.281256 0.000027 1.5 2760 2912 −0.98

8 0.052133 0.001988 0.281345 0.000026 2.4 2734 2858 −0.94

9 0.017279 0.000725 0.281203 0.000025 -0.5 2837 3035 −0.98

10 0.013227 0.003826 0.281425 0.000023 2.1 2758 2876 −0.95

11 0.047432 0.001654 0.281327 0.000025 2.4 2735 2862 −0.95

12 0.054492 0.001975 0.281342 0.000025 2.3 2738 2863 −0.94

13 0.074368 0.002625 0.281333 0.000022 0.9 2799 2950 −0.93

14 0.040711 0.001565 0.281352 0.000025 3.4 2694 2799 −0.95

15 0.031716 0.001263 0.281265 0.000026 0.8 2792 2956 −0.96

16 0.059317 0.002209 0.281366 0.000023 2.8 2721 2836 −0.93

17 0.025311 0.000987 0.281275 0.000028 1.6 2758 2906 −0.97

18 0.072086 0.002683 0.281466 0.000023 5.5 2613 2668 −0.93

MWY2

Spot 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ ϵHf(t)
TDM1
(Ma)

TDM2
(Ma) fLu/Hf

1 0.016943 0.000761 0.281406 0.000023 6.8 2565 2596 −0.98

2 0.013574 0.000623 0.281312 0.000025 3.6 2682 2786 −0.98

3 0.009748 0.000434 0.281287 0.000023 3.1 2703 2821 −0.99

4 0.016134 0.000705 0.281309 0.000024 3.4 2692 2801 −0.98

5 0.031293 0.001212 0.281349 0.000023 4.0 2673 2767 −0.96

6 0.015556 0.000665 0.281454 0.000023 8.6 2493 2482 −0.98

7 0.023008 0.000976 0.281243 0.000028 0.6 2801 2972 −0.97

8 0.014312 0.000635 0.281265 0.000023 2.0 2747 2889 −0.98

9 0.032091 0.001276 0.281313 0.000023 2.6 2727 2852 −0.96

10 0.014305 0.000609 0.281352 0.000024 5.1 2628 2698 −0.98

11 0.015567 0.000694 0.281254 0.000027 1.5 2766 2919 −0.98

12 0.013834 0.000615 0.281335 0.000025 4.5 2651 2735 −0.98

13 0.015436 0.000692 0.281321 0.000022 3.8 2675 2774 −0.98

14 0.033412 0.001576 0.281334 0.000025 2.8 2720 2837 −0.95

15 0.021135 0.000828 0.281367 0.000025 5.3 2622 2688 −0.98

16 0.050376 0.001956 0.281324 0.000026 1.8 2761 2899 −0.94

17 0.011546 0.000452 0.281153 0.000025 -1.7 2884 3113 −0.99

18 0.021254 0.000901 0.281257 0.000026 1.2 2777 2934 −0.97

ZJY2

Spot 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ ϵHf(t)
TDM1
(Ma)

TDM2
(Ma) fLu/Hf

1 0.023012 0.000983 0.281285 0.000028 2.7 2744 2866 −0.97

2 0.033416 0.001582 0.281345 0.000025 3.8 2705 2799 −0.95

(Continued)
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area. No major zircon inheritance was observed in any of the
samples.

4.b. Major and trace element geochemistry

The dykes studied appear quite evolved and show SiO2 (52.11–
52.36 wt %), TiO2 (0.26–0.37 wt %), Al2O3 (20.25–20.68 wt %),
Fe2O3 (8.34–8.86 wt %), MnO (0.18–0.26 wt %), MgO (4.03–
4.38 wt %), CaO (5.52–5.76 wt %), Na2O (3.55–3.93 wt %),
K2O (3.23–3.36 wt %) and P2O5 (0.25–0.38 wt %) (Table 2).
All the dykes studied are classified as alkaline (shoshonites)
on the total-alkali silica diagram (Figs. 5a and 6) and as shosh-
onites in a Na2O vs K2O diagram (Figs. 5b and 6). They are char-
acterized by enrichment in (La/Sm)N (1.57–2.57) and depletion
in (Dy/Yb)N (1.30–1.42), with a variation range in (La/Yb)N
(7.17–8.55), and the Eu/Eu* ratios appears slightly positive
(1.12–1.27) (Table 3; Figs. 7 and 8a, b, modified based on com-
ments). Furthermore, the mafic dykes are enriched in Ba, K, Pb,
Sr, Eu, Dy and Lu; with negative U, Nb, Ta, Pr, P, Nd and Ti
anomalies in primitive-mantle-normalized multi-element
variation diagrams (Figs. 7 and 8a, b).

4.c. Whole-rock Sr–Nd and zircon Hf isotopes

The Sr–Nd isotopic compositions of 16 representative dykes were
determined (Table 4; Fig. 9). They have a relatively narrow range of
(87Sr/86Sr)i ratios (~0.6969) and have positive ϵNd(t) values (0.2–
0.8), implying an isotope-depleted magma source. The mean Nd
model age is 2.73 Ga (DePaolo, 1981). The initial isotopic values
of Sr are lower than those of BABI (Basaltic Achondrite Best
Initial) (0.69899), for two main reasons (1) at least two mantle
end elements (depleted mantle and enriched mantle) are involved

in the genetic process (Zhou & Armstrong, 1982; Zhi, 1990; Zou
et al., 2000); (2) high melting depth, homogeneity of source area
and difference in lithosphere thickness (Niu et al., 2011; Ye
et al., 2015). The Hf isotopic compositions of zircon from themafic
dykes were also determined (Table 5; Fig. 10). Twenty spot analyses
were obtained for sampleWJA1, yielding εHf(t) values (−2.8 to 4.8)
corresponding to TDM1 model ages (2.98–2.65 Ga, mean
TDM1= 2.75 Ga). Eighteen spot analyses were obtained for sample
WJB3, and the results show εHf(t) values (−0.5 to 5.5) correspond-
ing to TDM1 model ages (2.8–2.61 Ga, mean TDM1= 2.73 Ga).
Eighteen spot analyses were obtained for sample MWY2, yielding
a range of εHf (t) values (−1.7 to 8.6) corresponding to TDM1 model
ages (2.88–2.49 Ga, mean TDM1= 2.70 Ga). Eighteen spot analyses
in zircon grains from sample ZJY2 show εHf(t) values (−1.4 to 8.2)
corresponding to TDM1 model ages (2.9–2.53 Ga, mean
TDM1= 2.71 Ga). The mean TDM1 of the four zircons is 2.73 Ga,
which is similar to the Nd model age.

5. Discussion

Based on zircon geochronology, whole-rock geochemistry and
Nd–Hf isotopic evidence, this study reasonably limits the source
area of mafic dykes, crustal contamination, fractional crystalliza-
tion and magmatic evolution.

5.a. Mantle source and the origin

The mafic dykes studied are quite evolved, and the SiO2 content is
quite high (52.11–52.36 wt %; Table 2), implying an ultra-basic
source for these rocks. An ultra-basic source is also supported
by the relatively highMg# values (52–56; Table 1). It is unlikely that

Table 5. (Continued )

ZJY2

Spot 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ ϵHf(t)
TDM1
(Ma)

TDM2
(Ma) fLu/Hf

3 0.016945 0.000764 0.281326 0.000023 4.5 2673 2754 −0.98

4 0.013578 0.000625 0.281273 0.000025 2.9 2735 2854 −0.98

5 0.031295 0.001217 0.281372 0.000023 5.4 2642 2702 −0.96

6 0.015562 0.000671 0.281425 0.000023 8.2 2532 2528 −0.98

7 0.013838 0.000621 0.281364 0.000025 6.1 2612 2657 −0.98

8 0.015438 0.000694 0.281334 0.000022 4.9 2658 2729 −0.98

9 0.014309 0.000613 0.281215 0.000024 0.8 2813 2979 −0.98

10 0.015573 0.000697 0.281276 0.000027 2.8 2736 2856 −0.98

11 0.021137 0.000832 0.281352 0.000025 5.3 2643 2705 −0.97

12 0.050379 0.001957 0.281303 0.000026 1.6 2791 2929 −0.94

13 0.011548 0.000454 0.281145 0.000025 -1.4 2895 3114 −0.99

14 0.032095 0.001281 0.281322 0.000023 3.5 2715 2817 −0.96

15 0.021257 0.000904 0.281243 0.000026 1.3 2796 2949 −0.97

16 0.014315 0.000637 0.281279 0.000023 3.1 2728 2843 −0.98

17 0.009752 0.000436 0.281298 0.000023 4.1 2688 2780 −0.99

18 0.016137 0.000709 0.281326 0.000024 4.6 2670 2748 −0.98
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the magma that formed these dykes had any contribution from
crustal rocks (Hirajima et al. 1990; Zhang et al. 1995; Kato et al.
1997; Rapp et al. 2003), as lower crustal intermediate granulites
(Gao et al. 1998a, b) would produce high-Si and low-Mg# melts.
Moreover, the Zr/Nb (10–16) and Rb/Sr ratios (0.04–0.20) of
the dykes studied (Table 3) suggest magma derivation from a
depleted mantle source (Weaver, 1991). The dykes also show
positive but variable ϵNd(t) (0.2–0.8; Table 4) and ϵHf (t) values
(0.5–8.6), both of which are consistent with derivation from an
isotope-depleted mantle (Liu et al. 2009). In addition to the evi-
dence outlined above, plots La/Sm vs La, and Sm/Yb vs Sm
(Fig. 11a, b) suggest that the magma was sourced from an iso-
tope-depleted garnet–lherzolite mantle through a moderate degree
of partial melting (10–20 %). And during the diagenetic process,
the separation crystallization mainly occurs with clinopyroxene
(Fig. 12). In primitive-mantle-normalized spider plots (Fig. 8b),
all the dykes studied show distinct negative anomalies for Nb
and Ta, indicating the involvement of crustal components in the
mantle source (Zhang et al. 2005). The depleted mantle source
can be further supported by the zircons from mafic dykes studied,
because zircons are obviously recycled and should come from
the fusion of depleted mantle sources.

5.b. Crustal contamination

Crustal pollution can lead to the enrichment of Sr–Nd isotopic
composition of the basaltic rocks (Guo et al. 2004). The positive
K, Pb and Zr, negative Nb, Ta and Ti anomalies, low Nb/Ta ratios
(3.36–4.88; average 4.18) and relatively uniform La/Nb and higher
Ba/Nb ratios (3.5–6.0, 94–466) (Table 3) suggest the contribution
of a mantle source related to or contaminated by subducted
material (Fig. 8a, b; Guo et al. 2013). Although the dolerites studied
had a small Sr isotopic composition (~0.6969) and positive ϵNd(t)
and ϵHf(t) values (0.2–0.8, 0.5–8.6, except for a few samples), the
possibility that the genetic process is affected by crustal contami-
nation cannot be ruled out. In the related diagrams of Nb/Ta vs La/
Yb, Ce/Nb vs Th/Nb, Th/Nb vs Ta/Yb and La/Nb vs Ce/Pb (not
shown), there are obvious projection laws of the mafic dyke
swarms studied, further implying that the genetic process was
affected by obvious crustal contamination. The low Ce/Pb
(1.64–6.22) and Nb/U ratios (4.38–10.2) and higher La/Nb
(1.28–1.65), Zr/Nb (9.97–15.9) and Rb/Nb ratios (2.61–12.3) also
imply this. Crustal contamination would result in significant varia-
tion in Sr and Nd isotope compositions. Although there is no
obvious correlation between MgO and (87Sr/86Sr)i, positive corre-
lations between MgO and εNd(t) values are obvious from the dykes

Fig. 2. (Colour online) The field andmicroscopic photos
of the mafic dykes studied. Pl – plagioclase; Cpx –
clinopyroxene.
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studied (Fig. 8b; Taylor & McLennan, 1985). Therefore, there was
clearly crustal contamination during the formation of these
dykesThe mafic dykes are characterized by depletion in Th relative
to La (Fig. 8b), eliminating the possibility of significant upper-
middle crustal contamination (Taylor &McLennan, 1985). A likely
candidate for the contamination might be lower crust.

5.c. Genetic model and tectonic significance

The mafic dykes studied provide possible evidence for the exten-
sion of Neoarchaean lithosphere and the evolution of the lower
mantle beneath the NCC. Herein, we propose a genetic model
of the dykes studied and the tectonic significance.

Geochemical characteristics show that the parent magma form-
ing the mafic dykes comes from the melting of an isotope-depleted
garnet lherzolite mantle (10–20 %). However, all the dykes have
significant negative high-field-strength elements (HFSE; e.g. Nb,
Ta, P and Ti) and positive Pb and K anomalies in the normalized
multi-element plots compared to the original mantle (Table 3;
Fig. 8a, b). In general, HFSE deficiency (i.e. Nb, Ta) is interpreted

as rutile fractionation (Table 3; Fig. 8b; Zhang et al. 2005). In addi-
tion, the positive anomaly of Pb and K is considered to be the result
of mixing and metasomatism of fluids from subducted oceanic
plates in the mantle source region (Nelson, 1992; Rogers &
Setterfle, 1994; Chung et al. 2001; Muller et al. 2001).

The high Ba/Nb ratios (51–215; Table 3) of these dykes are dif-
ferent from most intraplate volcanic rocks (i.e. ocean island basalt,
alkaline basalt and kimberlite), and their Ba/Nb ratios are very low
(from 1.0 to 20; Jahn et al. 1999). Therefore, the above data suggest
that the mantle-derived magma that generated these has assimi-
lated possible crustal contamination.

Many processes related to plume-related magmatism and man-
tle chemical heterogeneity (Arndt & Goldstein, 1989; Kay & Kay,
1991; Rudnick & Fountain, 1995; Jull & Kelemen, 2001; Gao et al.
2004; Elkins-Tanton, 2005; Lustrino, 2005; Anderson, 2006) are
closely related to the subsidence of continental lower crust to con-
vective mantle. As eclogite has higher density than peridotite of
lithospheric mantle (Rudnick & Fountain, 1995; Jull & Kelemen,
2001; Anderson, 2006; Levander et al. 2006), eclogite material will
be easier to recycle into the mantle (Arndt & Goldstein, 1989; Kay

Fig. 3. (Colour online) Representative CL images of zircon grains
from samples from the mafic dykes studied.
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Fig. 4. (Colour online) Zircon LA-ICP-MS
U–Pb concordia diagrams and the 207Pb/
206Pb weighted mean ages from the mafic
dykes studied.
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& Kay, 1991; Jull & Kelemen, 2001; Gao et al. 2004, 2008).
Moreover, if the eclogite is silicon-saturated, it can hybridize with
the overlying mantle peridotite and produce olivine-free pyroxene.
The subsequent melting of these pyroxenes in the mantle can pro-
duce basaltic magma (Kogiso et al. 2003; Sobolev et al. 2005, 2007;
Herzberg et al. 2007; Gao et al. 2008). Therefore, this model has
been used to explain the origin of the mafic dyke parent magmas
in the NCC (Liu et al. 2008a, b, 2009, 2013b).

In general, mafic dyke swarms can provide significant scientific
information for the time and stage of extensional tectonics, and are
ideal objects for studying mantle plume activity and lithospheric
extension (Hou, 2012). Previous studies in the NCC focused on
Mesozoic, Cenozoic and Proterozoic mafic dykes and documented
three episodes of lithospheric extension during the Proterozoic (i.e.
from 1.8 to 1.6 Ga, 1.3 to 1.2 Ga, and 0.8 to 0.7 Ga). Nevertheless,
study of the extension of NCCArchaean (age > 2.5 Ga) lithosphere
is still very weak (Chen & Shi, 1983, 1994; Chen et al. 1992; Shao &
Zhang, 2002; Zhang & Sun, 2002; Peng et al. 2005, 2007, 2008,

2010, 2011a, b; Hou et al. 2006; Yang et al. 2007; Li et al. 2010;
Peng, 2010). The age data and genetic model in this paper are
of considerable significance for basaltic magma activities in the
lower crust related to the extension of the Archaean lithosphere.
It has been suggested that the large-scale continental accretion
and Archaean cratonization (2.5–2.6 Ga) occurred in the south-
west and northeast of present-day Shandong province (Wang
et al. 1999; Hou et al. 2004). Generally, the thickened crust will
undergo eclogite, and then sink and recycle back to the underlying
mantle (Arndt & Goldstein, 1989; Kay & Kay, 1991; Jull &
Kelemen, 2001; Gao et al. 2004). The foundered eclogite has a
higher density than that of the mantle peridotite (Rudnick &
Fountain, 1995; Jull & Kelemen, 2001; Anderson, 2006;
Levander et al. 2006), but its melting temperature is lower than that
of mantle peridotite (Yaxley & Green, 1998; Rapp et al. 1999;
Yaxley, 2000; Kogiso et al. 2003; Sobolev et al. 2005, 2007). This
means that the heating of silicon-saturated eclogite will produce
an intermediate acid solution assemblage (from tonalite to

Fig. 5. (Colour online) Classification of the mafic dykes studied. (a) Total-alkali silica (Middlemost, 1994; Le Maitre, 2002) using major element concentrations recalculated to 100
% volatile-free compositions. (b) variations in K2O vs Na2O concentrations (Menzies & Kyle, 1972).
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Fig. 6. (Colour online) Variations in major element concentrations vs MgO ( wt %) for the mafic dykes studied.
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trondhjemite), rather than basic solution. These melts can be
hybridized with mantle peridotite overlying areas to varying
degrees. Subsequently, decompression melting of mixed mantle
can produce basaltic melt (Kogiso et al. 2003; Sobolev et al.
2005, 2007; Herzberg et al. 2007; Gao et al. 2008). Nevertheless,
the lithospheric mantle in western Shandong province is not highly
enriched, which may be the result of limited hybridization between
themantle and the subsidence lower crust. Subsequently (~2.5 Ga),
the partial melting of the slightly mixed mantle will produce the
parent magma of the dykes studied. These magmas intruded into
the Earth’s crust and formed these mafic dykes between ~2.51 Ga
and 2.54 Ga. The layered model is further supported by the geo-
chemical composition, which is similar to that of the igneous rocks

derived from the layered dynamic model: enrichment in Ba, K, Pb,
Sr and Zr, negative HFSE (Nb, Ta and Ti), (La/Yb)N (7.17–8.55),
relatively low ϵNd(t) (0.2–0.8) and ϵHf(t) ratios (−2.8 to 8.6)
(Tables 3–5; Figs 7–9; Wedepohl, 1991; Gao et al. 1992;
Budnick, 1995; Gao & Jin, 1997; Feng et al. 2012; Qi et al. 2012;
Liu et al. 2006, 2008a, b, 2009, 2010b, 2010c, 2011, 2012b,
2013a, 2013c, 2014, 2015, 2016, 2017, 2018; Luo et al. 2006),
intense lithosphere thinning (Liu et al. 2008a, b), massive contem-
poraneous magmatic activity (Regional Geology of Shandong
Province, 1995) and large-scale mineralization appear in the
NCC (Regional Geology of Shandong Province, 1995). All of the
above phenomena can be explained by the foundering of
lithosphere.

Fig. 7. (Colour online) Variations in trace element concentrations vs MgO ( wt %) for the mafic dykes studied.
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6. Conclusions
1. Zircon LA-ICP-MS U–Pb dating indicates that the mafic

dykes from Shandong province in the northeastern NCC
formed between 2509 ± 6.1 and 2537 ± 6.2 Ma, indicative
of a Neoarchaean mafic magmatic event.

2. These mafic dykes are alkaline and shoshonitic. They are
characterized by high light rare earth element (LREE) con-
centrations ((La/Yb)N between 7.17 and 8.55), positive Eu
(Eu/Eu* between 1.12 and 1.27), Ba, K, Pb and Sr anomalies,

Fig. 8. (Colour online) (a) Chondrite-normalized REE and (b) primitive-mantle-nor-
malized multi-element variation diagrams for the mafic dykes studied.
Concentrations are normalized to chondrite composition of Sun and McDonough
(1989).

Fig. 9. (Colour online) Variations in initial 87Sr/86Sr vs ϵNd(t) values for themafic dykes
studied. The field delineates the composition of Proterozoic mafic dykes within the
NCC (Liu et al. 2013b). The mafic dykes analysed during this study plot within the iso-
tope-depleted mantle source field.

Fig. 10. (Colour online) Plots of zircon ages vs ϵHf(t) values for the mafic dykes
studied.

Fig. 11. (Colour online) Variations in La vs La/Sm and Sm vs Sm/Yb of themafic dykes
studied.
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and negative Nb, P, Ta and Ti anomalies. The dykes have low
initial (87Sr/86Sr)i values of ~0.6969, high ϵNd(t) (0.2–0.8) and
ϵHf(t) values (0.5–8.6, except for a few samples). They were
likely derived from melting (10–20 %) of an isotope-depleted
garnet–lherzolite mantle that was hybridized by foundered
lower crustal material.

3. The mantle-derived parent magma of the basic vein in the
study area was affected by crustal pollution to a certain extent
during the magma ascent.
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